Molecular machines have previously been designed that are propelled by DNAzymes 1 -3 , protein enzymes 4 -6 and strand-displacement 7 -9 . These engineered machines typically move along precisely defined one-and two-dimensional tracks. Here, we report a DNA walker that uses hybridisation to drive walking on DNA-coated microparticle surfaces. Through purely DNA:DNA hybridisation reactions, the nanoscale movements of the walker can lead to the generation of a single-stranded product and the subsequent immobilisation of fluorescent labels on the microparticle surface. This suggests that the system could be of use in analytical and diagnostic applications, similar to how strand exchange reactions in solution have been used for transducing and quantifying signals from isothermal molecular amplification assays 10 , 11 . The walking behaviour is robust and the walker can take more than 30 continuous steps. The traversal of an unprogrammed, inhomogeneous surface is also due entirely to autonomous decisions made by the walker, behaviour analogous to amorphous chemical reaction network computations 12 , 13 that have been shown to lead to pattern formation 14 -17 .
strand displacement proceeds, this complex will resolve into the most thermodynamically favourable configuration, the H1:H2 duplex, with displacement of the free catalyst, which can then participate in subsequent reaction cycles. The formation of the duplex reaction product potentially avoids the necessity of using DNAzymes 1 -3 , protein enzymes 4 -6 , or a chemical fuel such as Hg 2+ /cysteine 19 to drive the movement of the walker. The DNA walker traversed the irregular surface of a microparticle (see SEM image, Supplementary  Fig. 1 ). By using a colloidal substrate rather than a more defined or confined 1D or 2D track, such as DNA origami 2 , 5 , 6 , we open the way to a variety of useful applications, including microparticle-based signal amplification. Microscopy experiments also show that our walker can travel between individual particles within 3D clusters when microparticles are in close contact.
We initially performed a feasibility test to determine whether CHA could proceed on microparticle surfaces using a reliable CHA reaction system described in an earlier work 18 .
H1-containing microparticles were mixed with a H2 molecule derivatised with fluorescein (H2-FAM) and the catalyst. A successful reaction should result in the capture of H2-FAM on the microparticle surface, and thus to increasing microparticle fluorescence (Fig. 1b) . A control, non-catalytic reaction was prepared with H1-microparticles and FAM-catalyst. In this instance, only simple hybridisation should occur, without turnover (Fig. 1c) . A nocatalyst control was also performed and is shown in Fig. 1d . In the CHA reaction the fluorescence intensity increased by a factor of 126 relative to the non-catalytic reaction, where there was little reaction even after 24 hours (Fig. 1b-d and Supplementary Section 1.).
Since the CHA reaction was initially performed in a standard CHA buffer 7 , 18 that contained only 140 mM NaCl it was possible that walking might have been limited by charge repulsion. We attempted to optimise the concentration of NaCl to improve the CHA reaction on the microparticle surface ( Supplementary Fig. 2a ), and based on the signal-to-background ratio 300 mM NaCl was chosen as the optimal reaction condition for further experiments ( Supplementary Fig. 2b ). Supplementary Fig. 2 also shows that the CHA reaction on the microparticle surface is incredibly robust across a range of reaction conditions, and can be reliably measured by flow cytometry.
Given that surface-based reactions were robust, we hypothesised that it might be possible to catalyse proximal hairpin assembly reactions by combining two catalytic domains in a single walker. A similar walker system was demonstrated by Pierce and Yin on a 1D DNA track that performed three walking steps 7 . To the extent that one 'leg' of the catalyst is freed from a surface-bound duplex before the other, that 'leg' may be able to 'walk' and begin the reaction cycle with a new hairpin on the surface. Multiple cycles of catalysis would overall lead to the localised generation of double-stranded DNA, and the concomitant immobilisation of fluorophores. To prove that the double-catalyst was walking, we monitored both the double-catalyst's locality (to its track over a population of particles) and its processivity (via the number of fluorophores that became bound to these particles).
The double-catalyst was simple but elegant in design, being comprised of a longer singlestranded DNA oligonucleotide that contained two catalyst domains separated by a linear, non-hybridising spacer sequence. We anticipated that the double-catalyst would persist on the surface of a single microparticle for a longer period of time than the single-catalyst.
While the single-catalyst should be released from the H1-microparticle after only one turnover of the catalytic cycle, the double-catalyst walker should undergo multiple cycles of surface-bound catalysis.
To confirm the general prediction that double-catalysts walk on a surface, two different types of microparticles were prepared: H1-microparticles and H1-microparticles primed or prehybridised with catalysts. About 1% of the available H1 sites were initially occupied by catalyst ( Supplementary Fig. 3 and 4 ). Primed and unprimed microparticles were mixed in a 50%:50% ratio, FAM-H2 was added, and flow cytometry was performed at different time points. If the double-catalyst was walking the surface of the microparticle, then the subpopulation of primed microparticles should 'light up' relative to non-primed microparticles and relative to microparticles mixed with single-catalysts. In fact, a bimodal distribution of microparticle fluorescence was observed that persisted for several hours (compare Fig. 2a  and 2b ). While single-catalysts initially yielded a bimodal distribution, this rapidly devolved to a unimodal distribution within only 30 minutes. We also performed a control experiment using a homogeneous suspension of microparticles that were all primed with the doublecatalyst (rather than 1:1 mixed) (Fig. 2c ). As expected, this experiment showed a unimodal distribution over time.
To further prove that walking was the mechanism underlying the bimodal distribution of fluorescence, we created different fractions of primed and unprimed microparticles (100%: 0%, 80%:20% and 20%:80%). The greater the fraction of primed microparticles, the greater the fraction of fluorescent microparticles that should be observed, since the walkers would more quickly light up the primed microparticles relative to the unprimed. In fact, the greater fraction of primed microparticles eventually gave greater fractions with brighter signals ( Supplementary Fig. 5 ). Conversely, we demonstrated the difference between walking by the single-and double-catalyst by introducing "trap-microparticles" that would bind any released catalyst. When primed, H1-coated microparticles were mixed with trapmicroparticles at a 1:2 ratio and we observed that the activity of the single-catalyst was markedly reduced, but that the double-catalyst remained highly active ( Supplementary Fig.  6 ).
Other parameters can potentially be altered to further change the functionality of the walkers. There was no effect of spacer length (28 bp, 41 bp and 53 bp) on walking, likely because the density of hairpins on the microparticle (estimated to be 3.6 molecules per 10 nm 2 based on information provided by the manufacturer) should have been close enough that any length would work well ( Supplementary Fig. 7 ). Previous experiments with 'spiders' that cleaved their DNA substrates as they walked had shown the utility of having multiple legs that remained attached to the surface at any one time 2 . Therefore, we similarly used avidin to simultaneously immobilise four catalyst legs. The tetra-catalyst indeed appears to have higher adherence to microparticles ( Supplementary Fig. 8a ). Overall, these results also pave the way to analytical applications in which the walker can be used to detect molecular events that initiate on individual microparticles.
A mathematical model that fit the distribution of catalysts on the microparticles was used to determine the average number of steps 'walked' by different catalysts. The basic form of the model used for single-catalysts is shown in Fig. 3a . The single-catalyst can exist in one of three states: 1) bound to the primed microparticles (initially all catalysts exist in this state); 2) unbound from any microparticle (taken to exist in well mixed solution around the microparticles); or 3) bound to the unprimed microparticles. Transition from bound to unbound is governed by the K off1 rate constant and the concentration of bound catalyst. Transition from unbound to bound is governed by the K on1 rate constant, unbound catalyst concentration, and uncatalysed H1 concentration (remaining fuel on the microparticle). In conventional flow cytometry assays, cells are often found to rebind antibody labels after dissociation 20 . Our assumption that the solution was well-mixed (no preference for binding to the particle of origin) is reasonable based on our single-catalyst results. The singlecatalyst equilibrated across all particles in the system within minutes in the cytometry experiments. In our microscopy experiments (below) the single-catalyst appeared to diffuse away without significant rebinding. There is also a global loss rate that accounts for catalyst that may become stuck to the microparticle surface or tube wall. The model for the doublecatalyst was an expanded version of the single-catalyst model ( Fig. 3b ) that also included separate rate coefficients for transitions between singly-bound and doubly-bound states (K on2 and K off2 ). In all cases, catalyst release was assumed to take place when H1 and H2 bound and produced a fluorescent signal. The sum of all catalyst release over time was taken to be the fluorescence observed on the microparticles. We optimised the rate constants in the model in order to fit the model's behaviour to the experimentally observed behaviour (Fig.  3c ).
The parameters derived from the experimental data and ODE model can be used to generate a single-molecule Monte Carlo model for how many steps the catalyst takes on average. Monte Carlo analysis based on all extracted rate constants (including the rate of irreversible binding) indicated that the double-catalyst took an average of 10 steps before being released or becoming irreversibly bound. The tetra-catalyst took 5 steps. The number of steps taken in the Monte Carlo simulation was primarily limited by the rate of irreversible binding to the particle or tube wall. When the kinetic rate constant for irreversible binding was set to zero (i.e., simulating an ideal case without nonspecific binding), Monte Carlo analysis indicated that the double-catalyst would take 48 steps and the tetra-catalyst 49 steps.
In order to confirm these predictions, we designed an experimental measure of the number of steps. In this experiment catalysts were deactivated after release. One population of particles was coated with H1 and primed with a catalyst. A second population of particles was designed to trap any catalysts that were released ( Supplementary Fig. 6 ). When the trapparticle experiment was compared with appropriate controls an experimental estimate of the number of steps walked could be made (see Supplementary Fig. 9 ). The final fluorescence values in this experiment indicated that the double-catalyst took 36 steps. The difference of 12 steps between experiment (36 steps) and the ideal theoretical case (48 steps) can be accounted for by a small amount of irreversible binding.
In addition, we performed experiments to determine the effect of temperature on the processivity of our walker ( Supplementary Fig. 9 ). We carried out the trap-particle experiment as described in Supplementary Fig. 8 , but measured the fluorescence increase in a temperature controlled real-time PCR instrument, rather than in a plate reader. At 37 °C the performance of the walker (i.e. number of steps taken in the first 10 min and the overall signal-to-background ratio, SBR) was comparable to the experiment performed in the plate reader. Overall, the reaction seems to be quite tolerant of temperatures between 25 °C and 37 °C, although with different processivities. Over the initial 10 minutes of the reaction the walker takes 12 and 26 steps, respectively. In contrast, as the temperature was increased to near the melting point of the hairpin (50 °C) background reactions begin to occur even in the absence of catalyst. At 50 °C the catalyst took 15 steps but the SBR was significantly lower (10) than at 25 °C or 37 °C (16 and 23, respectively).
As with other undirected DNA walkers, it is anticipated that the CHA walkers should remain in a local area. To visually demonstrate that the walkers remain bound to their tracks, we performed fluorescence microscopy on a lawn of primed and unprimed microparticles. Microparticles bearing H1 were distributed onto the surface of a well plate (see experimental outline (Fig. 4b) . This shows that the no significant amount of catalyst could transfer from the (red) particles primed with single-catalyst to adjacent (clear) unprimed particles. However, for double-catalysts (the walker) there were multiple green microparticles adjacent to the red microparticles, indicating that the walkers had crossed between the microparticles, but only in the local, 3D landscape (Fig. 4c) . Arrows show regions where clear particles have taken on green fluorescence. Co-localised green and red fluorescence is expected (yellow in the false-coloured micrographs). Green colour outside of the yellow regions indicates that double-catalysts have transferred away from their red microparticles of origin. This appears in the false-coloured micrographs as green colour outside of the yellow regions (red, primed particles that also develop green fluorescence). There would seem to be two most likely explanations: first, the double-catalysts may walk from primed to unprimed particles via the 'valleys' between particles, and second the walkers may release from primed particles and rebind to adjacent particles more efficiently than do single-catalysts. While we cannot eliminate either of these mechanisms, it is nonetheless clear that the walkers can immobilise fluorophores on unprimed particles in close proximity to primed particles: that is, they either walk directly or make very short 'jumps' more efficiently than do single-catalysts. In the control case, red microparticles not primed with catalyst remained non-fluorescent in the green channel (Fig. 4d) . Magnified and component colour data are included in Supplementary Fig. S11 and S12, respectively. Arrows in Figure 4 and Supplementary Fig.  S11 highlight the clearest regions of green fluorescence that extend beyond the red fluorescent primed particles. These green locations are due to fluorescent product that has been immobilised on unprimed particles. Since our quantitative model indicated that only 1% of the double-catalyst was released from the primed particles in the short incubation allowed, and since the comparison to the single-catalyst control suggests that rebinding is inefficient (most single-catalyst was rapidly lost to the bulk solution), we hypothesise that walking between particles in contact is a likely mechanism for green cluster formation.
In order to apply this technology to an analytical target, we employed a microRNA (miRNA 122) to displace the double-catalyst. The microRNA releases the catalyst molecule from "reservoir-particles" in the reaction buffer. The free catalyst can then serve as an amplifier of the initial signal. Following addition of the target, reservoir-particles are centrifuged and the supernatant is applied to the reaction mixture including the H1-particles, H2, and reporter complex in free solution ( Figure 5a ). As before, the presence of walkers immobilises fluorophores on the surface of particles. Figure 5b shows that the performance of this analytical system is improved by using a displaced double-catalyst (walker) rather than a displaced single-catalyst. To demonstrate that such displacement can potentially be used to quantitate analytes, we added 2 nM of miRNA 122 to the reservoir particles, which should displace 2 nM of double-catalyst. The response was in fact comparable to our previous experiment where 2 nM of double-catalyst was added directly (Supplementary Fig. 13 ).
We have shown that a catalytic DNA molecule can locally traverse a microparticle surface on which it is immobilised. The modelled behaviour of the double-catalyst walker matched the experimentally observed behaviour, and suggested that the walker could take up to 36 steps before dissociating. This compares well with other published nanorobot demonstrations listed in Supplementary Table 2 .
While molecular walkers have been demonstrated these walkers usually navigate very precise tracks, such as long DNA molecules or DNA origami-based tiles. A walker that uses an unprogrammed track is uniquely scalable. Microparticles or other surfaces can be coated randomly and in bulk with DNA by many methods 21 , and are inherently more scalable than attempting to fabricate all components of a track using molecularly-precise building blocks. The fidelity of the double-catalyst system is such that it is more likely to run out of uncatalysed H1 and be released than it is to be randomly released. Thus, it may be possible to attempt larger and larger surfaces, as we have currently shown by merely aggregating microparticles with substrates to create 'valleys' and 'hills' for the walkers to traverse.
A walker that can move extensively over microparticle surfaces opens many new application areas for DNA nanotechnology. For instance, digital PCR uses micro-scale colloidal droplets to restrict the volume of a PCR reaction. The product of the catalyst is activated (by revealing a new toehold) rather than cleaved (as in a DNAzyme-based walker). The newly revealed toehold potentially allows for integration with downstream computations and fluorescence-based detection schemes or other DNA circuits. For example, the doublecatalyst walker could in principle be used to also count the number of amplicons on the surface, potentially melding digital and analogue technologies. This could prove to be especially useful if combined with devices that can monitor microparticles, such as flow cytometers. For example, Luminex XMAP microparticles are encoded for their specific analyte identity by far-red fluorescence so that 'addressing' and analytes are detected simultaneously by green fluorescence 22 . CHA walkers would be initiated by programmed interactions with nucleic acid analytes and leave behind trails of green fluors. The walkers might also be used as mobile inputs and outputs for more complex strand exchange circuits 23 , 24 . Finally, our results have implications for biomaterials development, since circuits such as CHA can be implemented on the surfaces of colloidal microparticles 25 , 26 .
By activating H1-like substrates to interact with their hairpin partners not in solution but on other particles, nucleic acid walkers could selectively assemble particles into programmed amalgams 27 .
Methods

Reagents
All chemicals were of analytical grade and were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. All oligonucleotides were ordered from Integrated DNA Technology (IDT, Coralville, IA) and the sequences are summarised in Supplementary Table  1 . Biotin-H1 and FAM-H2 were purified via denaturing PAGE (7 M Urea, 1X TBE). Streptavidin-and carboxylate-coated microparticles (1 μm) were purchased from Bangs Laboratories (Fishers, IN).
Preparation of biotin-H1, FAM-H2, H1-microparticles and catalyst-H1-microparticles
Purified biotin-H1 and FAM-H2 at a concentration of 20 μM in TNaK buffer (20 mM Tris, 140 mM NaCl, 5 mM KCl, pH 7.5) were refolded by heating to 95°C for 5 min followed by slowly decreasing the temperature to 23°C at a rate of 0.1°C/second. 50 μl of streptavidin coated microparticles from stock solution was washed two times with 50 μl of binding buffer (20 mM Tris, 1 M NaCl, 1 mM EDTA, 0.0005% Triton ™ X-100, pH 7.5) by centrifuging the microparticles at 10K rpm for 3 minutes followed by decanting the supernatant. After resuspension with 50 μl of binding buffer, 5 μl of H1 of 20 μM in TNaK buffer (20 mM Tris, 140 mM NaCl, 5 mM KCl, pH 7.5) was added into the microparticles. After incubation for 15 minutes at room temperature on a rotator, the sample was washed two times with 50 μl of TNaKT buffer with one of 4 different NaCl concentrations (20 mM Tris, 140/300/500/1000 mM NaCl, 5 mM KCl, 0.01% Triton X-100, pH 7.5) by centrifuging the microparticles at 10K rpm for 3 minutes followed by resuspending in 50 μl of TNaKT buffer.
5 μl of the suspension of prepared H1-microparticles were incubated without any catalyst and with single-catalyst (final concentration: 5 nM) and double-catalyst (final concentration: 2.5 nM) in a total of 50 μl TNaKT buffer with 300 mM NaCl. The samples were incubated at 37°C for 1 hour followed by washing with TNaKT buffer with 300 mM NaCl.
Catalytic hairpin assembly reaction on microparticle surface
For the feasibility test and optimisation of NaCl concentration for CHA on the surface of microparticles, 5 μl of the prepared H1-microparticles was mixed with FAM-H2 (final concentration: 400 nM) in TNaKT buffer with different NaCl concentrations (140, 300, 500 and 1000 mM). Then the catalyst was added into the mixture to make total 50 μl, followed by incubation for the appropriate time at 37°C. Catalyst was omitted in the 0 hr incubation case (for this and in all further experiments).
For monitoring the behaviour of single-and double-catalyst on microparticle surface, unprimed H1-microparticles and catalyst primed (single/double catalyst)-H1-microparticles were mixed in different ratios (0%:100%, 20%:80%, 50%:50%, 80%:20% and 100%:0%). Then, FAM-H2 (final concentration: 400 nM) was added to a total of 50 μl, followed by incubation at 37°C for the appropriate time.
Evaluation of microparticle-immobilised CHA by flow cytometry
Reactions were prepared in advance using a mixture of catalyst-primed and unprimed microparticles. Fluorescein-linked H2 (FAM-H2, 400 nM) was added to each sample of the H1-microparticle suspension. This was incubated for the appropriate amount of time. These microparticles were then washed three times with TNaKT with 300 mM NaCl to stop the reaction. The quantity of immobilised fluorescein-modified DNA (FAM-H2 hybridised to immobilised H1) was measured using flow cytometry. Flow cytometry was performed using a FACSCalibur (BD Biosciences, San Jose, CA) using laser excitation at 488 nm and emission at 530 nm.
Modelling of surface immobilised CHA
Modelling was performed in MATLAB. A multi-state model was constructed using partial differential equations (PDE) which were then solved using a simple Euler method solver. Several parameters were predetermined using experimental data. The maximum fluorescence of the microparticles was estimated by using the fluorescence at 24 hours (the model ran for only 240 minutes). The initial quantity of catalyst linked to the primed microparticles was estimated by reference to experiment (see Supplementary Section 2. and Supplementary Fig. 2) . Parameters in the model for association rate and dissociation rate of the catalyst (or double-catalyst) were fit to the experimental data using the MATLAB fminsearch optimisation routine.
Fluorescence microscopy imaging of the CHA reaction on microparticle surface
Two varieties of microparticles were coated with H1 using the carboxylate/EDC/amine-DNA reaction as per manufacturer's instructions (Bangs Technical Note 205). Both types of microparticles were carboxylate coated, 1 μm in diameter. The first variety was redfluorescent whereas the second variety was non-dyed. The red-fluorescent microparticles were treated with the appropriate catalyst (1 μM in PBS for 30 min) then washed with PBS by centrifugation and resuspension. Red-fluorescent, primed H1-microparticles were mixed with a 100 fold excess of the undyed, unprimed H1-microparticles. This mixture of microparticles was then added to a coverslip-bottom well slide and allowed to settle overnight at 4°C. Once in contact with the floor of the well, the microparticles were largely immobile. The microparticles were then washed by perfusion four times in order to remove any mobile microparticles. FAM-H2 was added in TNaK and allowed to react for one minute. Microparticles were then washed three times with TNaK to remove any unbound FAM-H2. The resulting fluorescent microparticles were imaged via a standard epifluorescence microscope (IX-81, Olympus, Center Valley, PA).
miRNA detection using a fluorogenic CHA reaction A fluorogenic CHA reaction was performed to detect miRNA ( Supplementary Fig. 6a ). Extended H1-microparticles and reservoir-particles were prepared by the same process as the H1-particles mentioned above. An amount of 2.5 μM stock of reporter-F:reporter-Q complex was prepared by annealing 2.5 μM reporter-F and 5 μM reporter-Q in 1× TNaK buffer (20 mM Tris, 140 mM NaCl, 5 mM KCl, pH 7.5). An excess of reporter-Q ensures efficient quenching of reporter-F but does not interfere with the readout of an extended H1:H2.
The single-and double-catalysts were released from reservoir-particles by a specific RNA, a synthetic RNA oligonucleotide with the sequence of miRNA 122 acquired from IDT (Coralville, IA). Reservoir particles were incubated with miRNA 122 at 25°C for 1 hour. The samples were centrifuged and the supernatants were transferred to a new reaction tube including extended H1-microparticles, H2 (final concentration: 400 nM), and reporter complex (final concentration: 50 nM). Then a fluorogenic CHA reaction was performed and the fluorescence intensities were monitored at 37°C for 2 hours using a fluorescence plate reader (M200, Tecan, Männedorf, Switzerland).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. In the initial state (step 1) a population (blue) of H1-particles is primed with double-catalyst; a second population of H1-particles in the same suspension is unprimed (red). In subsequent steps 2-7, the two populations were predicted to evolve in time as indicated (expected data). Experimental flow cytometry data are shown below this qualitative prediction. b, Flow cytometry data generated with a single-domain catalyst (non-walking control) initially shows a bimodal distribution but this degenerates to a unimodal distribution within 30 min (green histogram). c, Flow cytometry data of a single population of microparticles primed 
